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Abstract 
Herein, we give a retrospective overview and analyze recent developments in the field of 
chemiluminescence derived from organic oxidation processes (so called oxy-
chemiluminescence), most prominently, mediated by peroxy radicals. As evidenced from the 
presented analysis, the diversities of the reaction and the excited-state-generation mechanisms 
are governed mainly by a diverse chemical nature of substrates being oxidized. The notable oxy-
chemiluminescence cases, which involve peroxy radicals as key reactive species, refer to 
oxidation of saturated and unsaturated hydrocarbons, polymers, lipids and proteins. The general 
feature of the considered chemiluminescence processes pertains to a formation of high-energy 
cyclic intermediates (tetroxides and/or dioxetanes), whose cleavage yields electronically excited 
products. The considered modes of the chemiluminescence enhancement encompass the energy-
transfer and the electron-transfer mechanisms. Most prominent application of the discussed oxy-
chemiluminescence phenomenon resides in a versatile chemiluminescent assay to monitor 
antioxidants (both their concentration and reactivity) in chemical and biological media.  
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1. Introduction  
 
The emission of light, derived either from chemical processes (chemiluminescence) or living 
organisms (bioluminescence), is of prime interest for both pure and applied science. Indeed, 
studies on chemi- and bioluminescence provide relevant insights for understanding the 
fundamentals of energy conversion in numerous fields of chemistry and biology and for 
scrutinizing the reaction mechanisms. Besides, these light-emission phenomena are of great 
import for numerous commercial applications, first of all, for modern analytical techniques. In 
this context, the diversities of light-generating processes and modes of their harnessing are 
impressive.1-16 The subject matter of the present contribution encompasses salient facets of 
chemiluminescence derived from oxidation of organic substrates, most prominently, mediated by 
peroxy radicals. These oxidation reactions constitute notable chemical generators of 
electronically excited states. To convey a decisive role of molecular oxygen, such kind of 
chemiluminescent processes is sometimes called oxy-luminescence17,18 or oxy-
chemiluminescence,19 and in the present work we follow the latter terminology. Elucidation of 
the excited-state generation in oxidation reactions provides an undoubted challenge for pure and 
applied oxidation chemistry. Herein, we discuss the relevant details of the chemiexcitation 
process and subsequent events (chemiluminescence emission, its enhancement and quenching by 
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pertinent luminophores) and give an account of the oxy-chemiluminescence kinetics with the 
emphasis on oxidation in the presence of antioxidants. The reason for this emphasis resides in a 
paramount role of antioxidants in numerous areas of biology, material science, chemical and 
analytical technologies. Besides, in view of interdisciplinary character of the present 
contribution, some related topics had to be touched on. This refers to the relevant aspects of 
photochemistry, photophysics, oxidation and peroxide chemistry.  
 
 
2. Historical background  
 
The discovery of oxy-chemiluminescence dates back to the end of 1950’s. At that time, oxidation 
of organic substances in solutions was of particular interest both for pure and industrial 
chemistry. This process constitutes a radical-chain reaction with degenerated branching of 
chains.6-8 The branching agent (peroxide) is accumulated slowly and a long (hours) induction 
period precedes faster chemical transformation. To shorten this period, initiators or catalysts may 
be introduced, but these foreign components complicate the process and form side products. 
Alternatively (and more efficiently), a short-duration blow of chemically active gas (e.g., 
chlorine, ozone, nitrogen dioxide) through the solution allows to achieve the desired effect.20,21 
The advantage of the latter method is that the action of gaseous initiator may be shut off at any 
moment simply by stopping the blow.  

Of all the gaseous initiators, ozone seemed to be the most suitable. The matter is that ozone 
reactions are often accompanied by chemiluminescence, which might be used to monitor the 
oxidation process. As a matter of fact, weak chemiluminescence was registered under the 
ozonolysis of isodecane at 20-90 °C.20,21 The chemiluminescence intensity passed through the 
maximum; then, it immediately decreased after stopping the ozone stream and resumed quickly 
when the ozone flow was again switched on. Conclusion was arrived at that chemiluminescence 
was excited in the reaction of ozone with an intermediate which, in its turn, had been formed in 
the ozone reaction with isodecane.20 This fact manifested the complex character of processes 
responsible for gaseous initiation.  

In June 1958, one unexpected observation gave an essential impetus to the considered 
research.20,21 Ozone was carefully removed from the solution, but, surprisingly, 
chemiluminescence did not disappear completely. This reproducible observation signified that 
some chemically active products of ozonolysis were responsible for the excited-state generation. 
As possible candidates for these chemiluminescence initiators, peroxides, hydroperoxides and 
ozonides were considered. For that reason, attempts were made to observe light emission from 
solutions of these oxygen-containing reagents. As a result, a weak chemiluminescence has been 
indeed found in solutions of benzoyl peroxide and hydroperoxides of some hydrocarbons (e.g., 
tetralin, isopropylbenzene, 2,7-dimethyloctane).20,21 It is noteworthy that photomultiplier used in 
these studies was sensitive to the 350-600 nm region, which corresponds to the energy interval of 
80-45 kcal/mol. Chemiexcited light-emitting particles should acquire such a large amount of 
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energy in one elementary step, and only recombination of radicals (i.e., decomposition products 
of starting materials) might be exothermal enough to provide this portion of energy. Once this 
fact was realized, it was followed by a burst of activity in this fascinating area of organic 
chemiluminescence.21 In the context of the present story, it should be pointed out that high 
reactivity of molecular oxygen towards carbon-centered radicals causes efficient conversion of 
the latter into peroxy-radical species in oxygenated reaction mixtures. In subsequent sections, we 
consider the prominent features of the oxy-chemiluminescence derived mainly from peroxy-
radical reactions.  
 
 
3. Mechanistic aspects 
 
Regardless of a mechanistic complexity, every chemiluminescent process may be conventionally 
divided into “chemical” and “physical” parts. The former stage relates to a formation of an 
excited reaction product, while the latter is a sequence of photophysical events, which ends up 
with a photon emission. Emitter of light is being excited either directly in the chemical process 
(direct chemiluminescence) or through “indirect” mechanisms (indirect chemiluminescence), 
most prominently by energy transfer from a primary-excited reaction product to a certain 
luminophore purposely added to the reaction mixture (energy-transfer-enhanced 
chemiluminescence).  
 
3.1. Excited-state generation and direct chemiluminescence 
 
The intensity of direct chemiluminescence (iDC) is given by an obvious expression (1), in  

iDC = Φ*Φv            (1) 
which Φ* stays for the chemiexcitation yield, Φ represents the luminescence (fluorescence or 
phosphorescence) yield of the excited emitter and v is the reaction rate. Clearly, the Φ* value 
depends heavily on the reaction mechanism and below we discuss the mechanistic diversities of 
oxy-chemiluminescence processes.  
 
3.1.1. Oxy-chemiluminescence of saturated hydrocarbons 
Oxidation of saturated hydrocarbons (RH) by molecular oxygen constitutes a radical-chain 
reaction, which involves a wealth of stages (for instance, oxidation of alkylaromatic 
hydrocarbons at 100 °C involves more than 40 elementary steps!19,22). However, in most cases, 
merely the chain-termination is essential for the excited-state generation.6-8,23 The nature of this 
step depends decisively on the radical structure (or, in other words, on the structure of the parent 
hydrocarbon) and herein we consider the pertinent structural peculiarities of the chemiexcitation 
process. In this context, the type of the oxidizable (i.e., the weakest) C-H bond in a hydrocarbon 
molecule is of prime importance.  
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In alkanes, the energy of the primary carbon-hydrogen bond amounts to 98-100 kcal/mol, 
that of the secondary C-H bond constitutes 94-95 kcal/mol, while the tertiary one "costs" ca. 91 
kcal/mol. The same trend remains also for alkylaromatic hydrocarbons, although, in this case the 
bond energies are somewhat lower.21,24 
 
Hydrocarbons with a secondary C-H bond. Hydrocarbons with a secondary C-H bond as an 
oxidizable functionality constitute the best studied oxy-chemiluminescence case,6-8,24-26 which 
merits to be considered first. Ethylbenzene, PhCH2CH3, was the first substrate, whose oxidation 
followed by light emission was studied in detail.6-8,24 In this substrate, the CH2 group furnishes 
the oxidizable functionality, the reactivity of methyl substituent is nominal, while the C-H bond 
of the aromatic ring, whose energy is as high as 103 kcal/mol, is not engaged in oxidation 
process at all. Scheme 1 conveys adequately the oxidation mechanism of such type of 
hydrocarbon (Y designates an initiator, easily decomposable peroxide or azo compound, used as 
source of initiating free radicals, r.). 
 

   •⎯→⎯∆ rY 2  
  rHRr  RH +⎯→⎯+ ••  

  •• ⎯→⎯+ ROOOR 2
2k

 

 •• +⎯→⎯+ R  ROOHRHROO 3k
 

  products Inactive⎯→⎯+ •• 4k
RR  

 products Inactive⎯⎯→⎯+ •• 5k
ROOR  

hνO ROH  ORROOROO 2H- +++=⎯⎯→⎯+ •• 6k
  

 
Scheme 1 
 
 For subsequent discussion, it is of mechanistic import that the peroxy radicals, ROO., become 
the only chain carriers, and their self reaction thus remains the sole chain-termination reaction at 
oxygen concentrations, whose order of magnitude is as low as 10-6 M.11,,22,24 These peroxy 
radicals disproportionate according to the Russell mechanism,27 through the intermediate 
tetroxide28 (Scheme 2), whose decomposition is exothermal enough (100-120 kcal/mol) to 
generate excited-state products, namely, ketone and singlet oxygen.6,29 Alcohol, the third 
decomposition product, is formed unexcited, provided ROO. radicals do not possess any 
chromophore group. Experimental evidence for the intervention of the tetroxide in the ROO. 
disproportionation (Scheme 2) has been obtained from the low-temperature ESR studies.30-32 
This chain termination mechanism is general for a great variety of chemical and biological 
oxidation processes.33,34 
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Excited ketone (R-H=O*) formed in the process depicted in Scheme 2 is responsible for 
visible-range chemiluminescence, which is in most cases phosphorescence from the 3(n,π*) state 
of the carbonyl group, while singlet oxygen emits infrared light from its 1∆g state. The 
spectroscopic manifestation for the chemically excited ketone phosphorescence rests on the oxy-
chemiluminescence bands in the region of 400-500 nm with flat maxima around 420-450 nm, 
which are similar for various hydrocarbons being oxidized.6 The spectral evidence for the 
singlet-oxygen generation in the process shown in Scheme 1 stems from the chemiluminescence 
emission at 1270 nm, which follows oxidation of hydrocarbons.33-37 

The yields of triplet ketones in oxidation of hydrocarbons are normally equal to  
10-3-10-2, whereas efficiency of the excited-singlet-state generation is several orders of 
magnitude lower.8,24 The singlet-oxygen yield in the disproportionation of primary and 
secondary peroxy radicals averages about 0.1.33,35-37 It is noteworthy that the quantum efficiency 
of the 1O2 generation is independent of the peroxy-radical structure except the cases of 
heteroatom in proximity to the peroxyl moiety, which lowers the 1O2 yield.35-37  

The pattern of the excited-state generation considered above refers to the oxidation of 
structurally simple hydrocarbons (i.e., with one oxidizable functionality and no extra 
luminophore groups). In this case, the exothermal ROO. disproportionation had no choice but to 
generate the 3(n,π*)–excited ketone or singlet oxygen. The incentive of ensuing studies was to 
bring more “democracy” to the chemiexcitation process: What should happen if the alternatives 
to the 3(n,π*) excitation were to exist? Close inspection of chemiluminescence in the diphenyl- 
versus diphenylenemethane (fluorene) oxidation shed light on this query.21,38 What is different in 
chemiluminescence generated on oxidation of these akin hydrocarbons? 

First, while being oxidized diphenylmethane and fluorene yield ketones, whose 
photophysical properties are contrasting: Contrary to benzophenone (oxidation product of 
diphenylmethane), 9-fluorenone (fluorene oxidation product) does not phosphoresce, but is able 
to fluoresce.39-41 It is noteworthy that excitation of the ketone triplet in the ROO. 
disproportionation constitutes a spin-allowed process as triplet oxygen is also formed in this 
case, while the generation of a singlet-excited carbonyl product is spin-forbidden.24 Thus, it was 
of mechanistic importance to find out whether oxidation of fluorene gives rise to fluorescence of 
fluorenone and, if so, whether singlet excitation occurs directly in the chemical process or 
through the intersystem crossing from the primary-excited upper triplet states.  
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Second, a prominent distinction between the diphenyl- and diphenylenemethane (fluorene) 
oxidations is that in the former case all the chromophores (carbonyl group and molecular 
oxygen) are formed in the reaction, while in the latter case there exists also a chromophore 
(fluorenyl moiety), which remains unchanged during the oxidation process. (Scheme 3). This 
raised the question of whether the energy released in the reaction is directed (partly) into this 
persistent chromophore or is forming the molecular moiety in this chemical process a necessary 
requisite for its chemiexcitation? In this context, a possibility of alcohol (9-fluorenol) excitation 
was of interest. Indeed, due to the fluorenyl group, the generation of the electronically excited 
fluorenol becomes energetically feasible; conversely, in the diphenylmethane oxidation, the 
electronic excitation of alcohol (diphenylcarbinol) is not possible for energy reason. 
Furthermore, the electronic excitation of alcohols in oxidation of hydrocarbons has never been 
observed before, because in all previously studied cases the alcohols did not possess the 
chromophore groups, whose excitation is energetically possible. 
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Our studies have disclosed that the direct chemiluminescence constituted the fluorescence of 
fluorenone;38 moreover, the generation of the singlet-excited carbonyl chromophore occured 
directly in the course of tetroxide cleavage (Scheme 3), which violated Wigner’s rule, rather than 
through the intersystem crossing from the primary-excited upper triplets.38 This was evidenced in 
a special experiment, in which the upper (n,π*) triplet state of fluorenone has been selectively 
populated by energy transfer from chemiexcited benzophenone.38 In view of the inefficient 
triplet-to-singlet intersystem crossing in the fluorenone molecule, population of its 3(n,π*) state 
did not lead to the excitation of the fluorescent state of this ketone.38 

Violation of Wigner’s rule in the ROO. disproportionation (Scheme 3) is not the only 
unprecedented phenomenon disclosed in this chemiluminescence study. Also significant was the 
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observation of the triplet-excited alcohol (9-fluorenol).38 Although the 3(π,π*)-excited alcohol 
does not phosphoresce, it reveals itself through the energy transfer to the europium chelate, 
Eu(III) tris-thenoyltrifluoroacetonate-1,10-phenanthroline (triplet-energy acceptor), followed by 
the red (613 nm) luminescence of the latter.38 (Details of the energy-transfer approach to the 
elucidation of the chemical excited-state generation are considered in Section 3.2.1.) It is 
noteworthy that for the europium chelate used in these studies as the energy acceptor triplet-
triplet energy transfer from fluorenol is exothermal (and thereby diffusion-controlled), while 
transferring the triplet energy from fluorenone to the same acceptor is endothermal by 5 
kcal/mol.38 This substantial endothermicity prevents sensibilization of the chelate luminescence 
by triplet-excited fluorenone formed in the same reaction step.38  

Thus, the reviewed studies show that, in fact, all energetically accessible excited states may 
be populated in the ROO. disproportionation (Scheme 2).  
 
Hydrocarbons with a primary C-H bond. In principle, this case retains the salient features of 
the oxidation and chemiexcitation mechanisms, which apply for the substrates with an oxidizable 
secondary C-H bond.37,42 Indeed, the disproportionation of the primary peroxy radicals also 
obeys the Russell mechanism considered above for the secondary peroxy-radical chain carriers 
(cf. Scheme 2) and the decomposition of the putative intermediary tetroxide is exothermal 
enough for the electronic excitation of the carbonyl products and singlet oxygen.37,42 The 
excitation yields observed in this case (ca. 0.1 for 1O2 and 10-3 for carbonyls) are similar to those 
exhibited by a self reaction of the secondary peroxy radicals.37,42 However, the overall 
chemiluminescence yield (a product of the chemiexcitation and the light-emission yields, Φ*Φ; 
cf. Eq. 1) measured for a representative case of methylbenzenes turned out to be astonishingly 
low, namely 10-10!42 Detailed scrutiny of this unprecedented observation has disclosed that such 
a minute quantity is accounted for by the extremely low lifetimes of the pertinent 3(n,π*)–excited 
benzaldehydes, the carbonyl chemiluminescence emitters under the reaction conditions. The 
reason for that resides in high reactivity of the 3(n,π*) state of benzaldehydes and its efficient 
quenching by the π-system of benzene rings of the substrates and benzene as solvent.42 It is 
noteworthy that the rate constants of intra- and intermolecular processes, namely triplet-singlet 
emission and quenching, vary in a similar way for the series toluene > o-xylene > m-xylene ≈ p-
xylene and this correlates with the energy gap between 3(n,π*)– and 3(π,π*)–levels.42  
 
Hydrocarbons with a tertiary C-H bond. Tertiary peroxy radicals furnish a peculiar case, for 
which the chemiluminescence mechanism depicted in Scheme 2 does not apply. Two peroxy 
radicals of cumene, Ph(CH3)2COO., which picture the pertinent situation, cannot 
disproportionate through the Russell-type tetroxide (Scheme 2), because in this case such an 
intermediate lacks an abstractable hydrogen atom in a proximity to the peroxyl moiety.37,43 In 
this case, decomposition of tetroxide may proceed through the cleavage of  the   O-O bonds 
concomitant with the formation of two oxy radicals and O2, whose excitation is unlikely in view 
of endothermicity of the considered reaction path.43  
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Nevertheless, a free-radical oxidation of cumene is also accompanied by the 
chemiluminescence emission both in visible19,37,43,44 and infrared33,36,37 regions due to the excited 
carbonyl species and singlet oxygen respectively. The efficiency of the visible-region (carbonyl) 
chemiluminescence is by one or two orders of magnitude lower than that for hydrocarbons with a 
secondary C-H bond as oxidizable functionality.44 The singlet-oxygen generation proceeds with 
the yield of ca. 0.02,37 which is several times lower than in the cases of primary and secondary 
peroxy radicals. Mechanistic alternatives for this chemiluminescent process involve complex 
reaction schemes to account for the excited-state generation.33,36,37,43,44 The mechanism inferred 
from the most recent study43 engages not only tertiary peroxy radicals, Ph(CH3)2COO., but also 
primary ones, PhCH(CH3)CH2OO.. The latter radical species are formed through the abstraction 
of hydrogen from the methyl group of cumene, which yields the PhCH(CH3)CH2

. radical with a 
subsequent capture of molecular oxygen. The stationary concentration of the primary-patterned 
radicals is expectedly low since the removal of the primary hydrogen is less probable than that of 
the tertiary one. But the reaction of the primary radicals with the tertiary ones is fast, since in this 
case the asymmetric tetroxide PhCH(CH3)CH2OOOOC(CH3)2Ph is formed, which possesses the 
abstractable hydrogen atom. The latter structural feature warrants a fast irreversible 
decomposition of such an intermediate with the formation of excited aldehyde PhCH(CH3)CHO 
in the same way as in the case of secondary peroxide radicals. This mechanism has been 
substantiated both computationally43 and experimentally44 through the studies on the cumene 
oxidation kinetics.  

Figure 1 displays the energy profile (as calculated by the PM3 method) for the decomposition 
of the considered asymmetric tetroxide, which intervenes in the cumene oxidation.43 Along with 
the reaction energy profile, Figure 1 shows the bond orders as a function of the reaction 
coordinate. Inspection of this dependence provides the necessary insight into the reaction 
mechanism. In this context, the change in the order of the O1O6 bond, a precursor to the free O2 
molecule, is of prime interest. At the beginning of the final reaction stage, this bond order 
approaches 2, which corresponds to the double bond of 1O2, i.e., the system moves on the singlet 
potential-energy surface. However, the final product is the triplet oxygen (3O2), a biradical 
species with a sesquialteral bond. Hence, the intersystem crossing is inevitable to get to the 
lowest (triplet) surface, R-H=O(S0) + ROH(S0) + O2(3Σ). As evident from Figure 1, the 
decomposition of tetroxide proceeds synchronously (orders of all the bonds change 
simultaneously!) rather than through earlier proposed stepwise mechanism,29 which suggests 
elimination of ROH from the tetroxide to yield relatively persistent biradical •R-HOOO•, whose 
cleavage leads to the ketone and O2 molecules.  
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Figure 1. Dependence of energy and bond orders of the asymmetric six-membered tetroxide 
cycle on "reaction coordinate" (length difference of breaking the O5O6 and forming the O5H4 
bonds) for the Russell-type cleavage mechanism. Calculations by the PM3 method with 3 
HOMO and 3 LUMO involved in configuration interaction. 
 

A query on the stepwise versus concerted mechanism of the tetroxide decomposition is 
general for the chemistry of cyclic peroxides. A prominent example is the cleavage of 
dioxetanes, which is a function of the molecular structure and exhibits concerted or stepwise 
features depending on substituents.45 Very probably, the same pertains to the tetroxide, whose 
decomposition proceeds synchronously or stepwise also depending on structure of this 
intermediate. Indeed, a wide body of evidence suggests the stepwise-cleavage mechanism of the 
six-membered tetroxide species formed by secondary peroxy radicals,29 while the tetroxide 
PhCH(CH3)CH2OOOOC(CH3)2Ph, a particular case considered herein (cf. Figure 1), 
decomposes synchronously.43  

 
3.1.2. Oxy-chemiluminescence of unsaturated hydrocarbons  
The chemiluminescence yield in oxidation of alkenes is by one to three orders of magnitude 
lower than that for hydrocarbons with the oxidizable secondary C-H bond and strongly varies for 
different compounds.46 But the main distinction is that in this case, alongside the "classical" 
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chemiluminescence fraction derived from a free-radical process through the Russell chain-
termination mechanism, a substantial molecular contribution is present, the latter is not quenched 
by antioxidants.46 The contribution of the molecular component is also strongly varying for 
different alkenes.46 Besides, its intensity changes in the course of reaction: it is rather high in the 
presence of O2, but after keeping in the absence of oxygen and repeated switching on the oxygen 
blow through the solution it appears to be reduced. Addition of an antioxidant to the reaction 
mixture immediately suppresses the radical component of the overall light emission. Then, the 
remaining molecular component decreases according to exponential law (the rate constants are of 
the order of 10-4 s-1).46 Estimation of the emitter characteristics (lifetimes, quantum yields and 
radiation constants) leads to values typical for the phosphorescence of carbonyl compounds.46 
Such behavior shows that the observed molecular chemiluminescence is excited in chemical 
transformations of oxidation products, which are persistent enough to accumulate in the course 
of reaction.  

Possible sources of this molecular contribution to the oxy-chemiluminescence of unsaturated 
hydrocarbons are dioxetane intermediates formed by a cyclization of alkylperoxy radicals.21,47 
This may be exemplary illustrated by considering the oxidation of 1,1,2-trimethylethylene, 
H3CCH=C(CH3)2, as a model alkene substrate.21 In this case, under a constant reaction-initiation 
rate, several types of radicals exist in their stationary concentrations. These are carbon-centered 
radicals, the products of addition of initiating radical r• to the double bond, or of the H-atom 
abstraction by this radical from methyl groups, for instance: H3CCHrC•(CH3)2, 
H3CC•HCr(CH3)2, H2C•CH=C(CH3)2, H3CCH=C(CH3)C•H2. The fast addition of O2 transforms 
C radicals into a number of peroxy-radical species: H3CCHrC(CH3)2OO•, 
H3CC(OO•)HCr(CH3)2, H2C(OO•)CH=C(CH3)2, H3CCH=C(CH3)CH2OO• . 

As a result, various reactions of the mentioned radicals occur in solution.21 Combination of 
the ROO• radicals is exothermal, but it gives products which are not luminophoric, i.e., it is not a 
chemiluminescent process.21 Disproportionation of ROO• gives the emitters of "classic" free-
radical chemiluminescence. However, the chain =C-C-O-O• in radicals H2C(OO•)CH=C(CH3)2 
and H3CCH=C(CH3)CH2OO• is flexible enough (the bonds are single) for overlapping the 
unpaired electron with the π MO of the double bond, and so, for forming a four-membered 
dioxetane cycle.21 The latter cycle stores large chemical energy, which may be easily 
transformed into electronic excitation upon decomposition of dioxetane. The pertinent stages of 
this process are illustrated in Table 1.21 
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Table 1. The sequence of reactions leading to excitation of molecular chemiluminescence 

No Reagent Step / Process Product 

1  
Hydrogen removal from CH3 group of alkene by an 
initiating radical; formation of a C-centered radical 

.
 

2 
.

 
Oxygen addition to the C-centered radical; 
formation of a peroxide radical of alkene 

O O.

 

3 
O O.

 

Cyclization of the alkene peroxide radical; 
formation of a dioxetane C-centered radical 

O O

.
 

4 
O O

.
 

Hydrogen-atom abstraction by the dioxetane C-
centered radical from any substrate; formation of a 

dioxetane 

O O

 

5 
O O

 

Dioxetane thermolysis giving carbonyl products; 
chemiexcitation 

OO

 
 
In more detail, the steps listed in Table 1 have the following implications:  

1. Entry of a hydrocarbon into a radical-chain oxidation reaction. The free valence of the C-
centered radical (and, then, the OO• group) is localized in the α position to the double bond, 
which is very important for further transformations;  

2. Chain propagation; it readily proceeds even at low oxygen concentrations;  
3. A key process for the considered mechanism. The PM3 calculations show that the heat of 

the peroxy-radical formation and that of dioxetane C-centered radical are equal to 5 and 6 
kcal/mol respectively; consequently, reaction 3 is almost thermally neutral.21 The barrier is 
equal to 20-24 kcal/mol, which provides a sufficient rate at 60 °C;21 

4. This process is analogous in its nature to process 1;  
5. Dioxetane decomposition with the formation of the T1 and, with lower yield, the S1 states of 

carbonyl products. The estimated activation energy is 2721 (experimental value 24.5 
kcal/mol48); the excitation yields of the T1 and S1 states for pertinent dioxetanes are 0.1 to 
0.2 and 10-4 to 10-3.48 

 
Inspection of the literature on dioxetane thermolysis disclosed an intricate mechanism of this 

seemingly simple process.4 But although full structural details of the reaction profile remain 
controversial, the general salient mechanistic conclusion is that thermolysis starts with the O-O 
bond rupture to generate a biradical intermediate, which is followed by the C-C bond cleavage to 
afford the final ketone products. Survey of the recent computational studies reveals that during 
the breakage of the O-O bond the rest of the molecular skeleton undergoes structural changes; in 
particular, the C-C bond is subject to essential elongation.4 This C-C bond stretching 
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simultaneous with the O-O bond cleavage is consistent with the merged dioxetane decomposition 
mechanism originally proposed by Adam and Baader.45 Thus, the excited-state generation in the 
dioxetane decomposition proceeds through the intervention of a biradical structure (in the present 
case, •OCMeEtCH2O•). There exists  computational evidence21 that in the latter species the T1 
state (according to Hund's rule) is lower than the ground S0 state, and that is why it is effectively 
populated providing high chemiexcitation yield of the triplet O=CMeEt or O=CH2 and, then, in 
the presence of suitable luminophore (9,10-dibromoanthracene or europium chelate), a 
measurable chemiluminescence emission.21 Of course, the luminescence is weak since chemical 
yields of dioxetanes are low.21 
 
3.1.3. Oxy-chemiluminescence of lipids  
The chemiluminescence associated with lipid peroxidation has found a widespread use in 
monitoring the oxidative stress.47,49-56 The main traits of this excited-state generation are typical 
for oxidation of unsaturated organic substrates discussed in Section 3.1.2. Thus, both the singlet-
oxygen infrared emission and the blue-green phosphorescence from triplet carbonyls have been 
found in oxidation of lipids.47 The formation of these excited species has been discussed in terms 
of both the Russell mechanism of the alkylperoxy-radical disproportionation and the intervention 
of dioxetane intermediates in oxidation process (cf. Section 3.1.2). In polyunsaturated fatty acids 
(PUFA), dioxetane intermediates are suggested to be formed by cyclization of alkylperoxy 
radicals produced during peroxidation process (Scheme 4, at the left) or by one-electron 
oxidation of PUFA-derived hydroperoxides (Scheme 4, at the right).47  
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To prove the mentioned dioxetane mechanism, relevant studies were pursued, in which 
tetramethylethene(TME)-derived hydroperoxide, 3-hydroperoxy-2,3-dimethyl-1-butene 
(TMEOOH), was used as a model of the PUFA hydroperoxides.47 By using a range of one-
electron oxidants and reductants and exploring a variety of experimental techniques 
(chemiluminescence, ESR, TLC and GC) it was convincingly shown that the peroxy radicals, 
derived in one-electron oxidation of TMEOOH, undergo cyclization into dioxetane intermediate 
species, whose cleavage results in excited acetone, a chemiluminescence emitter. Thus, in 
peroxidation of unsaturated substrates (including lipids) the dioxetane chemiluminescence path 
should be considered alongside the Russell peroxy-radical disproportionation.  
 
3.1.4. Oxy-chemiluminescence of amino acids and proteins 
In addition to lipid peroxidation (Section 3.1.3), oxidation of proteins contributes to the 
chemiluminescence emission associated with the oxidative stress.57-62 Experimental efforts to 
elucidate the mechanism of the excited-state generation, derived from protein systems on free-
radical oxidation, involved studies on oxy-chemiluminescence of proteins, peptides and isolated 
amino acids.61,62 Oxidation of these substrates was initiated by 2,2’-azobis(2-amidinopropane) 
dihydrochloride (AAPH), a water-soluble source of free radicals.  
 While on the subject of amino-acids oxidation, the first finding which merits notice is that 
only tyrosine (Tyr) and tryptophan (Trp) produced marked oxy-chemiluminescence on 
incubation with AAPH.61 Light emission from other amino acids did not exceed background.61 

 

N

H

CH2 CH

COOH

NH2

CH2 CH

COOH

NH2

HO

Tyr Trp  
 

The behavior of the chemiluminescence emission arisen from free Tyr and Trp oxidation was 
very similar to that derived from Tyr- and Trp-containing peptides and proteins.62 This refers to 
chemiluminescence time profiles and to dependencies of the light emission on reagent 
concentrations and oxidation rate. Besides, the effect of Trolox (6-hydroxy-2,5,7,8-tetramethyl 
chroman-2-carboxylic acid), a strong free-radical scavenger, was very similar in the case of free 
amino acids and in the case of proteins: In both cases, addition of this phenolic antioxidant 
caused an abrupt drop of essential part of the light intensity (ca. 70%).61,62 The remaining 
chemiluminescence showed a considerably slower decay. This observation suggests that the oxy-
chemiluminescence is generated in at least two pathways, involving radical-mediated and 
nonradical processes, the former was inhibited by Trolox, while the latter was not sensible to this 
inhibitor. The addition of peroxidase-like compounds, such as Ebselen (2-phenyl-1,2-
benzisoselenazol-3[2H]one) results in rapid quenching of the “nonradical” light emission;61,62 
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this implies that peroxide-like and/or hydroperoxide-like compounds contribute to such 
chemiluminescent path both in case of protein and isolated Tyr and Trp.  
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HO

Me

Me

Me

COOH
Me

 
Trolox 

 
 In the long run, protein oxy-chemiluminescence is associated almost exclusively with the 
oxidation of Tyr and Trp residues,62 but the detailed mechanism of this complex excited-state 
generation is still far from being established. However, a wide body of evidence supports some 
reasonable mechanistic conjectures,61,62 which provide a relevant insight to understand the nature 
of the considered light-emission processes. The salient features of the tryptophan oxy-
chemiluminescence mechanism emerged in the literature (see Aspée and Lissi61) are shown in 
Scheme 5. Such reaction scheme is compatible with the majority of experimental data regarding 
the mechanism of the Trp oxidation, the distribution of products and the produced emitting 
species.61 The key intermediate, the tryptophan hydroperoxide (P1), has been proposed as one of 
the main intermediates in the hydroxyl radical-mediated oxidation of Trp.63-65 The production of 
P2 was also established in this process.61 The formation and decomposition of the dioxetane 
intermediate (D), a precursor to singlet-excited emitter (N-formylkynurenine), has been reported 
for the enzymatic oxidation of indol derivatives66,67 and for the photooxidation of Trp.68 Besides, 
kynurenine and N-formylkynurenine were observed in studies on the AAPH-initiated oxidation 
of Trp61 through their characteristic fluorescence emissions.68,69  
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Scheme 5 
 

Certainly, Scheme 5 gives merely a provisional view on the Trp oxy-chemiluminescence 
mechanism, whose details require more scrutiny. Thus, one may question whether the 
electronically excited N-formylkynurenine may derive from the Px intermediate. (The authors61 
refer to the literature, in which the Px species has been proposed as a precursor to the ground-
state N-formylkynurenine in thermal and photo-induced Trp oxidation.70) Moreover, the 
authors61 of the above reaction scheme emphasized that even this complex mechanism should be 
considered as oversimplification, since it does not take into account other reaction pathways,61 
such as peroxy-radical addition or electron transfer71 and participation of singlet oxygen. Singlet 
oxygen may be formed in Russell-type reactions and/or in the quenching of the primary-excited 
product.72,73 (Plausible involvement of 1O2 was evidenced, in particular, by a certain increase of 
the chemiluminescence intensity in the presence of D2O61).  
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In conclusion, it is noteworthy that the characteristics of the light emission associated with 
oxidation of free amino acids are very similar to those observed for some cases of oxidation in 
membranes and organelles,61 which suggests that the oxidation of amino acids plays sometimes a 
key role in biological systems.  
 
3.1.5. Oxy-chemiluminescence of synthetic polymers 
It has long been known that polymers exposed to heating under ambient-air conditions emit 
light,17 which was attributed to the excited oxidation products. In addition to this light emission 
derived from autooxidation, incorporation of easily decomposable initiators, free-radical sources, 
into polymeric materials also caused generation of chemiluminescence on heating.74,75 Thus, 
situation with polymers resembled observations on liquid-phase oxy-chemiluminescence. 
However, this similarity was rather outward. Indeed, chemiluminescence in oxidation of 
polymers is certainly a mechanistically more complex phenomenon. Intensive studies on 
polymer oxy-chemiluminescence disclosed a variety of possible chemical and physical pathways 
leading to the excited-state generation, which have been thoroughly reviewed.18,,76,77 

The low oxy-chemiluminescence intensity under thermal oxidation of polymer samples was 
attributed to a “forbidden” character of the observed emission and its spectra indeed matched 
well the phosphorescence spectra of carbonyl chromophores.18,77,78 Thus, on this point, the 
excited-state generation in oxidation of polymers also reminds oxy-chemiluminescence of other 
hydrocarbon substrates considered in the previous sections. However, the validity of the Russell 
mechanism in case of polymers was questioned.79 Indeed, the latter mechanism requires at least 
one of the peroxy radicals, involved in the chain termination, to be primary or secondary (cf. 
Section 3.1.1), but, for instance, polypropylene, in which tertiary radicals predominate, 
nevertheless gives well-measurable oxy-chemiluminescence.79 In this connection, it is of 
mechanistic import that the considered oxidation processes are accompanied by a production of 
alkoxy radicals that may cleave to produce, ultimately, primary and secondary peroxy 
radicals.80,81 These primary and secondary radicals, in their turn, may react with tertiary peroxy-
radical species through the Russell-type mechanism and thus generate chemiluminescence 
(similar situation applies to the oxidation of cumene, cf. Section 3.1.1).  

Then, the suggestions were made that there may be several light-emission processes 
occurring in polymer82 and that the identity of the light-emitting species changes with oxidation 
time.83  

For the maximum chemiluminescence intensity and oxygen concentration, a linear 
relationship has been disclosed.84 The conclusion was drawn that the chemiluminescence derives 
from decomposition of hydroperoxides rather than from the Russell mechanism. Indeed, recent 
experimental works79,85-87 support the involvement of hydroperoxides in the light generation 
during oxidation of polypropylene, a model polymeric substrate.  

A detailed inspection of the possible mechanisms for the polymer oxy-chemiluminescence 
has revealed that regardless of the mechanism in operation, i.e., Russell-type peroxy-radical 
disproportionation or hydroperoxide cleavage, the chemiluminescence intensity should be a 
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function of the hydroperoxide concentration.79 Besides, for both of these mechanistic options the 
concentration of the carbonyl products (=C=O) at time t, [=C=O]t, should be proportional to the 
integral of the chemiluminescence-intensity (i) time profile, which is expressed by Eq. (2).79  

∫==
t

t idt
0

~][ OC             (2) 

 A novel technique, which allows to monitor simultaneously the chemiluminescence emission 
and the Fourier transform infrared (FTIR) emission spectra (FTIES), enabled to verify this 
expectation.79 It turned out that in the case of the polypropylene oxidation the values of [=C=O]t 
acquired through the FTIES measurements did not match the ∫

t
idt

0
 values. However, the authors 

of the mentioned work79 have found that the accumulation of carbonyls is required for the 
chemiluminescence emission. For instance, at 150 °C no chemiluminescence was observed for 
the first 15 min of the polypropylene oxidation, whereas the [=C=O] growth was well-
measurable; after this induction period the chemiluminescence emission appeared and gradually 
increased in intensity.79  

To rationalize these observations, two mechanisms were discussed.79 The first one invoked 
energy transfer from triplet-excited carbonyls to a more efficient phosphorescer, which 
accumulates in the polymer during oxidation, while the second resided in the electron donor-
acceptor interaction between the carbonyl species and a peroxidic compound, which is likely to 
be an acyl peroxide. In more detail, this hypothesis is considered in Section 3.2.2, in which the 
indirect chemiluminescence mechanisms are discussed.  

Thus, despite a considerable progress in understanding the nature of the polymer oxy-
chemiluminescence, further experimentation is required for a comprehensive description of this 
phenomenon.  
 
3.2. Indirect chemiluminescence. Secondary processes and chemiluminescence 
enhancement 
 
Alternatively to the immediate light emission (direct chemiluminescence), primary-excited 
reaction products undergo other deactivation processes, in particular, energy transfer to the 
molecules, capable of accepting the electronic excitation, or chemical reactions with any 
components of the reaction mixture ("photochemistry without light"). The former of these 
secondary processes leads to the excited energy acceptor, while the latter may yield either 
excited or ground-state final reaction product. If the luminescence (fluorescence or 
phosphorescence) quantum yield of a secondary-excited species is higher than that of the 
primary-excited reaction product, the enhancement of the chemiluminescence intensity is 
observed; otherwise the quenching of the overall light emission takes place.  

In earlier works,6,88 the term “activation” was used to designate any chemiluminescence 
enhancement, including energy-transfer processes. Accordingly, enhanced chemiluminescence 
was termed “activated chemiluminescence” and the enhancer molecule was called “activator”. 
However, later on, the term “activation” came into use for the cases, in which the activating 
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agent interacts chemically with the substrate molecule, most prominently through the charge 
transfer and electron donor-acceptor mechanisms4,.89-93 Thus, to avoid confusion in terminology, 
it is prudent to use exclusively the term “enhancement” instead of “activation” while talking 
about the physical (i.e., energy-transfer) secondary processes in the chemiluminescent system.  

The electronic energy transfer is of prime importance for elucidating the excited-state 
generation in chemical processes or simply for the light-emission enhancement to raise a 
sensitivity of chemiluminescence assays. For that reason, below we consider the main energy-
transfer cases, which are of particular practical use in oxy-chemiluminescence studies.  
 
3.2.1. Energy transfer in chemiluminescent systems 
Energy transfer in connection with the chemiluminescence phenomenon was first reported still in 
1925 by Kautsky and Neitzke,94 and nowadays the transfer of electronic excitation to suitable 
luminescent acceptors is the most popular photophysical technique for counting excited singlet 
and triplet states generated in chemical reactions.6,8,95 In the presence of these luminophores, 
both the direct light emission (iDC) of the energy donor (primary excited reaction product) and 
sensibilized by energy transfer (ET) acceptor’s emission (iET) contribute to the overall 
chemiluminescence intensity (i), which is expressed by Eq. 3.  

i = iDC + iET           (3) 
 Clearly, explicit form of Eq. 3 and other practically useful expressions derived from it 
depend on the energy-transfer mechanism, i.e., on whether the singlet-singlet (S-S), triplet-triplet  
(T-T) or triplet-singlet (T-S) energy transfer operates. Herein, the following nomenclature is used 
throughout the kinetic derivations: “A” designates energy acceptor for the S-S energy transfer, 
“B” refers to the acceptor in T-T energy transfer, and “C” represents the acceptor in T-S energy 
transfer; the energy-transfer mediator (in most cases, naphthalene) is abbreviated by N.  
 
Enhanced chemiluminescence by S-S energy transfer. If the primary-excited reaction product 
(emitter of the direct chemiluminescence) is singlet, the use of the S-S energy transfer to enhance 
the light emission is customary. In this case, 9,10-diphenylanthracece serves as the most 
convenient energy acceptor (A). For the enhanced chemiluminescence intensity ( SS

ECi ) one easily 
obtains Eq. 4, where ΦS and Φfl are the singlet  
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excitation yield and fluorescence quantum yield of the direct chemiluminescence emitter, ΦA
fl is 

a fluorescence quantum yield of the acceptor A, τS
0 stays for the singlet lifetime of the energy 

donor molecule (i.e., of the direct light emitter), and kET
SS is the rate constant of the S-S energy 

transfer from the donor to the acceptor.  
 The amplification factor κA

SS = iEC
SS/iDC of the chemiluminescence intensity may be defined 

according to Eq. 5, in which kfl is the rate constant of the fluorescence of the donor with Φfl = 
kflτS

o. 
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The dependence of iEC
SS on the concentration of A can be treated conveniently by a linear 

expression of Eq. 5 as shown in Eq. 6. The intercept (ΦA
fl/Φfl - 1)-1 of a double-reciprocal plot 

according to Eq. 6 allows the fluorescence quantum yield Φfl of the direct chemiluminescence 
emitter to be calculated provided the fluorescence quantum yield ΦA

fl of A is known. 
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For the case of singlet-excited light emitter, Eq. 1 may be written as iDC = ΦSΦfl v. Thus, with the 
known reaction rate (v) and the fluorescence quantum yield (Φfl), measured by the S-S energy-
transfer method according to Eq. 6, the singlet-excitation yield (ΦS) may be easily obtained. For 
that, it is merely necessary to calibrate the emission intensity against any standard (for instance, 
luminol standard96,97 or the Hastings-Weber scintillation “cocktail”98).  

Alternatively, ΦS may be obtained from the double-reciprocal plot of the enhanced-
chemiluminescence intensity and concentration of A.1,5,24 For the reliability of the results 
acquired through this procedure, [A] should be relatively high (for the effective quenching of the 
primary-excited emitter).24 However, this is ocassionally undesirable in cases of the free-radical-
mediated oxidation, in particular, because of the inhibition properties of the pertinent 
luminophores in these reaction systems.24 Conversely, in the method described herein, one may 
use essentially smaller [A] values. That is why this method is recommended for studies on the 
chemiluminescence generated in the peroxy-radical reactions.  
 
Enhanced chemiluminescence by T-T energy transfer. As outlined in Section 3.1.1, on free-
radical oxidation of hydrocarbons, the generation of triplet-excited ketones is favored over their 
singlet excitation; thus, the disproportionation of the peroxy radicals is, in most cases, a “dark” 
source of the triplet states, which is exemplary illustrated in Scheme 6.  
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Scheme 6 
 

In this case,6-8 the direct chemiluminescence constitutes phosphorescence and the 
chemiluminescence enhancement by T-T energy transfer is described by expressions of the same 
form as Eqs. 4-6. To accommodate these expressions for the T-T case, the fluorescence quantum 
yield ΦA

fl needs to be replaced by the phosphorescence quantum yield ΦB
ph of acceptor B and Φfl 

should be substituted by the donor phosphorescence quantum yield Φph. Analogously, the rate 
constant kET

TT of the T-T energy transfer should be used instead of kET
SS, the triplet donor 

lifetime τT
o should replace the singlet lifetime τS

o, and the singlet excitation yield ΦS needs to be 
substituted by the triplet donor excitation yield ΦT. Thus, the chemiluminescence intensity 
enhanced by T-T energy transfer is given by Eq. 7.  
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An example par excellence of the energy acceptor for triplet states, generated in free-radical 
oxidation, is furnished by the europium chelate Eu(TTA)3Phen (TTA = thenoyltrifluoroacetone, 
Phen = 1,10-phenanthroline).6,8 This luminophore has been proved to be inert towards all the 
constituents of the chemiluminescent mixture and the pertinent free radicals (alkyl, alkoxy and 
peroxy ones), possesses high luminescence yield (0.04-0.2, depending on solvent and 
temperature99) and narrow emission band at 613 nm (5D0 → 7F2 of the Eu3+ ion).99 Besides, the 
energy-accepting T1 level of its ligands is rather low, i.e., 58.4 kcal/mol, which enables to 
monitor the low-lying chemically excited triplet states of the reaction products.  
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Enhanced chemiluminescence by T-T energy transfer assisted by a long-lived mediator 
triplet state. The enhancement of the chemiluminescence may be insignificant when either [B] 
is low because of the poor solubility of B or short lifetime τT

o of the chemiexcited triplet. In 
these cases, it is instrumental to use the energy-transfer mediators, whose solubility and triplet-
state lifetimes are high enough.8 Naphthalene perfectly matches this requisite and, thus, is a 
suitable energy-transfer mediator.8 Scheme 7 illustrates the  
 

D(T1) N(T1)
T-T energy 

transfer
T-T energy 

transfer Eu(TTA)3Phen

T-T energy 
transfer

* hν

 
 

Scheme 7 
 
naphthalene-mediated T-T energy transfer from the primary-excited triplet energy donor, D(T1), 
to the europium chelate, Eu(TTA)3Phen. Kinetic analysis of Scheme 7 finally gives a simple 
expression (Eq. 8) for the additional amplification factor (κN

TT) of the  
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chemiluminescence emission enhanced by europium chelate, Eu(TTA)3Phen (B), mediated by 
the T1 state (61 kcal/mol) of naphthalene (N).95 In this expression, iB and iB0 represent the 
intensities of the triplet-sensitized light emission by the europium chelate (B) in the presence and 
in the absence of naphthalene, kTN, kTB and kNB are the rate constants of the T-T energy transfer 
from the primary donor to naphthalene, from the primary donor directly to the europium chelate, 
and from naphthalene to the chelate; τT

B and τN
B are the lifetimes of the primary-donor and 

naphthalene triplet states in the presence of chelate, whose relationships to the donor and the 
naphthalene triplet lifetimes, τT

0 and τN
0, in the absence of B are given by the Stern-Volmer Eqs. 

9 and 10.  
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The rate constants kTN, kNB, and kTB in Eq. 8 represent a spin-allowed, exothermic, 
diffusion-controlled T-T energy transfer and all are of the same order. Therefore, from Eq. 8 it is 
evident that since τN

B is larger than τT
B, the chemiluminescence amplification factor becomes 

greater than unity (κN
TT > 1), i.e., naphthalene enhances the overall light-emission intensity in the 

presence of the europium chelate (B).  
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Conveniently, Eq. 8 can be rewritten in a linear form, which permits one to analyze the 
experimental dependence of the enhanced chemiluminescence intensity on the naphthalene 
concentration (Eq. 11).95 A double-reciprocal plot of the experimental data according to Eq. 11 
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affords the Stern-Volmer constant kTNτT
B for the quenching of the chemiexcited triplet donor by 

naphthalene in the presence of B. But since [B] is normally small, kTNτT
B is approximately equal 

to kTNτT
0 (see Eq. 9), a true value of this Stern-Volmer constant.  

 
Enhanced chemiluminescence by T-S energy transfer. In a context of the present story, it is 
noteworthy that the T-S energy transfer in liquid media owes its discovery to the studies on the 
enhanced oxy-chemiluminescence!6,8,88 In these works, anthracene derivatives were added to the 
solutions of hydrocarbons being oxidized, sources of triplet ketones (cf. Scheme 6). This caused 
enhancement of the light emission, however, the amplification factor poorly correlated with 
quantum yields of the anthracenes. But then, a fundamental feature of the observed excitation 
transfer has been established. The case in point is the heavy-atom effect revealed by the rate 
constant (kET

TS) of this process: the larger the atomic number of substituents and the number of 
these substituents, the higher the kET

TS value was observed.6,8,88 This observation has been 
explained in terms of the spin-orbital coupling in the acceptor (anthracene) molecule, which, 
according to the perturbation theory, provides the necessary “mixing” of singlet and triplet states 
to allow the “spin-forbidden” T-S energy transfer to proceed.6,8,88  

Clearly, the chemiluminescence intensity enhanced by T-S energy transfer is given by Eq. 
12, whose form is similar to that of Eqs. 4 and 7.  
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For a number of anthracenes, the kET
TS value has been found6,8,88 to be proportional to the 

sum of squared radial parts of the matrix elements of the spin-orbital coupling, kET
TS ~ Σςi

2.  
Later on, studies on spectroscopy of substituted anthracenes showed that the second excited 

triplet level, T2, lays somewhat higher than S1 for most of anthracene derivatives.100-104 This 
implies that the T-S energy transfer to anthracenes may proceed stepwise: allowed 
intermolecular T-T transfer to the T2 of acceptor, then followed by the intersystem crossing to 
S1.105  Indeed, through varying the T1 energy of the donor (acetophenone derivatives) over the S1-
T2 energy gap of the acceptor (9,10-dibromoanthracene) it has been shown that the kET

TS value is 
controlled by the activation barrier, which matches the energy difference between T1 of the 
corresponding acetophenone and T2 of 9,10-dibromoanthracene.106 These clear-cut data provide 
the evidence for the stepwise energy-transfer mechanism. However, in terms of this mechanism, 
the energy acceptors, whose S1 level is higher than T2, should violate the dependence of kET

TS on 
Σςi

2, which is definitively not the case.107 Neither unsubstituted anthracene nor 9-
bromoanthracene disturb this dependency, provided the donor T1 energy is high enough, i.e., if 
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ET1(donor) > ES1,ET2(acceptor) (in Figure 2 it corresponds to the data obtained for 
cyclohexanone as energy donor).21,107 The latter fact supports the “direct” (T1 → S1) mechanism.  

 

Σζi
2 (ńm-2)

k ET
TS

R2 = 0.987

104 105 106 107 108
104

105

106

107

108

109

 
 
 

 

 
Cl

Cl  

 
Br

 

 
Br

Br  

O

   

Me  

O

O

  

 
 

Figure 2. Dependence of the T-S energy-transfer rate constant (kET
TS) on the strength of spin-

orbital coupling (Σζi
2) in acceptor molecules (anthracene derivatives); chemiexcited ketones 

(cyclohexanone, acetophenone and benzophenone) are used as energy donors (cf. Scheme 6).  
 

Thus, triplet-singlet energy transfer constitutes a mechanistic controversy. To circumvent this 
problem, we put forward the following concept, which reconciles conflicting mechanisms.107 
This concept resides in considering the spin-orbital coupling only in the region, in which S1 and 
T2 terms overlap. Actually, this region may be thought of as a vibronic state of “mixed” 
multiplicity. It is noteworthy that similar approach has been offered to rationalize some puzzling 
spectral features of photo- and chemiexcited acetone at low pressures.108-110 In the latter case, a 
mixed-multiplicity state lies above the zero-vibrational level of S1 and manifests itself through 
the short-lived luminescence band, which is seen only in the low-pressure vapors (10-4-10-3 
Torr); it provides efficient intersystem crossing to the nearest vibronic state of T1 (with v > 0) 
due to the high density of vibrational states.  
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Clearly, the putative “mixed” state should be located near S1, if ES1 > ET2, but near T2 when 
ET2 > ES1. Hence, when the energy of the donor T1 state exceeds both the S1 and the T2 energies 
of the acceptor, a distinction between the “direct” and stepwise T-S energy-transfer models 
makes no sense.21,107 For that reason, acceptors with ES1 > ET2 do not violate the dependence of 
kET

TS on Σςi
2 (Figure 2).  

T-S energy transfer to 9,10-dibromoanthracene6-8 and its water-soluble derivatives111 is a 
widely used experimental tool to monitor triplet excited states in photochemical, photobiological, 
chemi- and bioluminescent processes.  
 
Intricacies of the energy transfer in complex oxy-chemiluminescent systems. The above-
considered energy transfer processes refer to the situation, in which the energy donor (singlet or 
triplet) constitutes the only primary-excited reaction product and the energy acceptors are the 
foreign luminophores added at will to the reaction mixture. Clearly, this "ideal" case does not 
always occur in chemiluminescence processes.  

Indeed, formation of more than one electronically excited species (of the same or different 
multiplicities) in one chemiluminescent reaction is not a unique happenstance. Apart from the 
case mentioned in Section 3.1.1 (cf. Scheme 3, on the right), oxidation of methylethylketone 
furnishes another relevant example.24,112 In the latter oxy-chemiluminescent reaction, the 
formation of both the singlet- and the triplet-excited biacetyl takes place.24,112 Oxidation of 
unsaturated hydrocarbons also yields both excited singlet and reaction triplet products.46  
 Besides, sometimes extra luminophores, potential energy acceptors, may be produced in a 
side (nonchemiluminescent) reaction path, particularly in lipids and lipoproteins being oxidized. 
Thus, in lipid peroxidation 4-hydroxy-2-enals may form, giving rise to further fluorophore 
generation.113,114 In this case, a major fluorophore appears to be derived from (E)-4-hydroxy-2-
non- (or –hex)-enal [R1 = C5H11 or C2H5] (Scheme 8).114 These aldehydes cross-link with lysine 
residues in proteins. To elucidate the chemical, structural and spectral properties of such type of 
"endogenic" fluorophores, the model compounds have been prepared using simple amines (R2 = 
Pr, Bu, CH2CH2OMe, cf. Scheme 8).115  Typically for vinylogous amidinium cations, H(4) is 
exchanged by tautomeric equilibrium shown in Scheme 8. Clearly, such fluorophores, whose 
production in situ entails initial Schiff-base formation and subsequent oxidation,114 may be 
involved in energy-transfer processes in bioluminescence systems.  
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Harnessing the energy transfer in oxy-chemiluminescence studies requires appropriate 
energy acceptors. For homogeneous hydrocarbon solutions, the substituted anthracenes and 
chelate complexes of lanthanides are the most suitable and efficient luminophores, which serve 
this purpose.6-8 However, these luminophores are often useless in biological media, mainly 
because of a poor solubility and chemical reactivity towards biosubstrates. Thus, 9,10-
dibromoanthracene, an efficient enhancer of the hydrocarbon oxy-chemiluminescence, only 
slightly enhances the chemiluminescence intensity in liposomal suspensions.116 The water-
soluble anthracene derivatives, 9,10-dibromo- and 9,10-diphenylanthracene-2-sulfonate, are 
more suitable fluorescence probes for chemiexcitation studies in biological media.111 As for the 
lanthanide complexes, the efficient triplet-energy acceptors in hydrocarbon solutions, these 
chemiluminescence enhancers become unstable in biological suspensions since they dissociate in 
the presence of phosphates and influence kinetics of lipid peroxidation.117,118 Some laser dyes, 
most prominently the quinolizin coumarins C-334 and C-525, are proved to be chemically inert 
and efficient light amplifiers for the oxy-chemiluminescence derived from lipid 
peroxidation.118,119 In more detail, model studies119 have shown that C-334 and C-525 can be 
easily integrated into the human leukemia HL-60 cells and successfully used as physical 
enhancers of chemiluminescence induced by the lipid-soluble free-radical azo initiator 2,2'-
azobis(2,4-dimethyl valeronitrile), AMVN. These coumarins did not inhibit the AMVN-initiated 
peroxidation of membrane phospholipids in the HL-60 cells, and no consumption of such dyes 
occurred in the course of the AMVN-induced oxidative stress.119 Redox status, evaluated by the 
intracellular GSH content, remained unchanged after treatment with C-334 and C-525.119 
Besides, the viability of the HL-60 cells was not affected by coumarins both in the presence and 
in the absence of oxidants.119 Thus, the quinolizin coumarins constitutes a novel class of 
potential physical enhancers of chemiluminescence for monitoring the free-radical-mediated 
peroxidation in living cells. 
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3.2.2. Alternative modes of the oxy-chemiluminescence enhancement by organic 
luminophores  
Amplification of the chemiluminescence intensity by organic luminophores through the energy 
transfer, considered in the previous section, proceeds without altering the reaction mechanism 
and kinetics. However, this is not necessarily the case for every luminophore, which causes the 
enhancement of the light emission derived from oxidation processes. In this context, 
luminophores with low oxidation potentials are of particular interest since they are prone to the 
electron-89-93 or the partial-charge-transfer15,120 interactions with peroxide products or 
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intermediates giving rise to chemiluminescence emission. These important cases of the excited-
state generation have been recently comprehensively reviewed.5 The often discussed mechanism 
involves the forward and the backward electron-transfer steps, which are exemplary illustrated in 
Scheme 9 for the reaction of hydroperoxide with organic luminophore (“activator”, ACT) 
molecule.79,121 In this scheme, ET denotes electron transfer, while BET means electron back-
transfer process. This mechanism is known as chemically initiated electron-exchange 
luminescence (CIEEL), which was originally proposed (with minor distinctions) for the 
intermolecular reactions of easily oxidizable luminophores (some anthracenes, amines, perylene, 
rubrene, etc.) with cyclic peroxides, namely diphenoylperoxide,89,90 α-peroxy lactones91 and 
appropriate dioxetanes92 and then extended to some intramolecular cases3,4,122-131 including the 
firefly bioluminescence generation.132  Recently, the evidence for the CIEEL mechanism has 
been reported also for the peroxyoxalate reactions,5,93 glowing examples of the organic 
chemiluminescence. It should be noted, however, that in certain systems the partial charge 
transfer15,120 and the donor-acceptor interactions involving exciplex formation133,134 may operate 
instead of the full-electron-transfer mechanism.  
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Scheme 9 
 

It is noteworthy that the mechanism depicted in Scheme 9 has been recently discussed in a 
context of the polymer oxy-chemiluminescence.79,121 It has been proposed that the peroxidic 
species formed in the polypropylene thermooxidation may react with the luminescent oxidation 
products (carbonyls or some unidentified species) to yield the chemiluminescence through the 
CIEEL mechanism.79 Furthermore, doping the polypropylene with 9,10-diphenylanthracene, a 
readily oxidizable anthracene derivative, results in chemiluminescence emission (on 
polypropylene thermooxidation), whose behavior is consistent with the CIEEL mechanism, in 
which 9,10-diphenylanthracene plays a role of activator (ACT, see Scheme 9).121 This was not 
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the case when polypropylene was doped with 9,10-dibromoanthracene,121 whose oxidation 
potential (1.42 eV) is much higher than that of 9,10-diphenylanthracene (1.20 eV).135 

In a context of electron-transfer mechanisms of the polymer oxy-chemiluminescence, it 
should be also mentioned that in a series of works136-138 on autooxidation of polyamides and 
model amides the authors arrived at conclusion that chemiexcitation occurs in redox reactions of 
hydroperoxides and aldehydes formed because of oxidation.  
 
 
4. Oxy-chemiluminescence as an experimental tool in studies on antioxidants  
 
Oxy-chemiluminescence constitutes an indispensable experimental tool for modern oxidation 
chemistry and is most suitable in studies on antioxidants, which play a paramount role in 
numerous areas of biology, material science, chemical and analytical technologies.  
 
4.1. Importance of antioxidants. General remarks 
 
Antioxidants constitute a broad variety of compounds (such as amines, arylindandiones, phenols, 
tocopherols and other vitamins, etc.) reacting with peroxy radicals (ROO•), the chain carries in 
the oxidation process and thus suppressing the oxidation.139 The natural antioxidants (e.g., 
vitamin E) prevent oxidation of lipids and proteins in cell membranes. Synthetic antioxidants are 
prominent in stabilization of polymers, drugs, fats, lubricants and fuels. Antioxidant contents of 
materials of interest represents an important characteristics of their stability against oxidative 
destruction. And last but not least, antioxidants are widely used in mechanistic studies on 
oxidation reactions.  

Of particular interest is the role of antioxidants in biological processes. Indeed, living 
organisms are exposed permanently to a severe oxidative stress by active oxygen species, e.g., 
hydroxy and other oxygen-containing free radicals, singlet oxygen and superoxide anions. 
Nevertheless, in their normal state, the organisms are able to protect themselves against 
autooxidation. The biological protective system involves the enzymatic140  and non-enzymatic 
defense mechanisms; the latter utilize the biochemical functions of diverse antioxidants naturally 
occurring in living cells.141-144 

Although natural antioxidants are present in living organisms in fairly small quantities, their 
importance is difficult to overestimate. Deficiency of them reduces severely the resistance of 
organisms against a large variety of diseases. Indeed, a wide body of evidence suggests the 
oxidative nature for a broad scale of human maladies. In this context, recent attention was 
focused, in particular, on atherosclerosis,145 senescence,146,147 neurodegenerative phenomena 
such as stroke, Alzheimer’s and Parkinson’s diseases.148-150 Thus, the chemoprotective role of 
antioxidants against above-mentioned diseases148-150 and a number of inflammations, chemical 
toxicity and tumors151-155 has become a subject of extensive studies.  
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However, it is noteworthy that the role of antioxidants is not always benign in medical sense. 
For instance, the tumor tissues may contain elevated levels of antioxidants,156 which assist the 
tumors to maintain a low rate of lipid peroxidation and thereby protect them from oxidative 
damage. Also antioxidants in the environment pollution may exert a serious harmful influence on 
living organisms. In this context, a pertinent example is furnished by extremely efficient volatile 
antioxidants evolved from aging polymeric materials into atmosphere.157,158 (This novel 
phenomenon is discussed in Section 4.4.) Studies on motor and emotional activity of 
experimental rats revealed pronounced harmful effects imposed by these “technogenic” 
antioxidative species on the central nervous system of animals.158,159 

Oxidative stress in living organism causes the increase of lipid peroxidation,47,49-56,160-163 
oxidative damage of proteins61,62 and nucleic acids164 and affects the cell regulatory systems 
through miscellaneous mechanisms.165 All these facets result in gradual consumption of 
antioxidants. Therefore, the antioxidant content should correlate with a stage of pathology. Thus, 
antioxidant assays may serve as a convenient tool for clinical diagnostics.  

Elucidation of biological function of antioxidants, which occur in living cells, is closely 
related and often overlaps with the studies on antioxidative effects of drugs, natural-antioxidant 
ingredients taken up with food and volatile free-radical scavenges acquired through the 
respiratory tract from the ambient air.157-159  

As already stated above, the chemoprotective role of synthetic and natural antioxidants is of 
prime importance for curing the maladies of oxidative nature.144,148-155,166 Also, the antioxidative 
ingredients of food and other agricultural products are often considered in terms of their 
protective function exerted on the living organisms, which consume them.167-182 Another more 
simple but not less important role of antioxidants in food consists of preventing the food of aging 
and getting rancid. Interesting is that the analysis of literature on antioxidants in agricultural 
products discloses a particular interest in studies of antioxidant capacity of wines.183-190 

Numerous methods have been developed to monitor lipid hydroperoxide formation and 
antioxidative activity,191,192 which utilize determination of lipid-oxidized product, oxygen 
consumption or discoloration of β-carotene. Chemiluminescent assays for antioxidant 
capacity193-222 of biological materials are widely used and essential portion of them utilize 
luminol reactions as the luminescence probe. The major advantages of modern chemiluminescent 
methods compared to routine biochemical assays are high sensitivity, rapidity and relatively low 
cost.  

Despite numerous advantages of the luminol-based chemiluminescent assays over routine 
procedures for antioxidant monitoring, they are far from being perfect. The main drawbacks of 
the luminol-based assays are complexity of the chemiluminescence mechanism and high 
nonspecific sensitivity towards even trace impurities. Below, we consider the basic principles of 
the oxy-chemiluminescence approach, which omits these problems.  
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4.2. General principle of the method 
 
The chemiluminescent assay for antioxidant monitoring is based on the competition between the 
self reaction of peroxy radicals (reaction step “k6” in Scheme 1), giving rise to light emission, 
and scavenging the peroxy radicals by antioxidants (InH), thus inhibiting the oxidation process 
and thereby quenching the light emission.6,11,19,157,158,193,222 In a most important and widespread 
case of the antioxidants, namely phenolic inhibitors of the free-radical oxidation, Scheme 1 
should be expanded to include steps “k7” and “k8” shown in Scheme 10.19 It should be 
emphasized that Scheme 10 furnishes a simplified case, which serves illustrative purpose and 
does not take into account the self reaction of the In. species and their prooxidative ability (i.e., 
involvement in the oxidation-chain propagation). It has been shown that in most instances these 
processes indeed may be neglected.19 However, in some natural systems under certain reaction 
conditions the prooxidative effects should be taken into account.223-230 
 

•• +⎯→⎯+ In  ROOHInHROO 7k
 

products Inactive InROO ⎯→⎯+ •• 8k
 

 
Scheme 10 
 

The mere fact that antioxidants suppress oxidation reactions and thereby quench the light 
emission opens a direct opportunity for the use of chemiluminescence in the antioxidant analysis. 
The extent of the chemiluminescence quenching and the kinetics of the chemiluminescence 
recovery upon gradual consumption of the antioxidant depend on the antioxidant reactivity 
towards peroxy radicals (strength of the antioxidant) and its concentration.6,11,19,157,158  

The experimental procedure used in the antioxidant monitoring is very facile. Injection of a 
small drop of an antioxidant analyte into the probe solution causes partial or complete quenching 
of the chemiluminescence emission (depending on the antioxidant's strength and concentration), 
which is schematically illustrated in Figure 3. The chemiluminescence intensity “stolen” 
(quenched) by the antioxidant provides a measure of the antioxidant concentration.6,11,19,157,158 
On a gradual consumption of the antioxidant in the reaction mixture, the chemiluminescence 
intensity rises again. The kinetics of the intensity rise (at given RH and reaction initiation rate) 
gives an information on the antioxidant activity (strength).6,11,19,157,158 Below, we consider this 
qualitative picture kinetically, in terms of Schemes 1 and 10.  
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Figure 3. Typical chemiluminescence (CL) time profile for a hydrocarbon-oxidation reaction in 
the presence of an antioxidant.  
 
Usually, at moderate temperatures initiated oxidation of hydrocarbons is a slow process and 
concentration of an initiator Y (see Scheme 1) is high enough to neglect its consumption in a 
course of the reaction time (t). Thus, initiation rate (vi) of the oxidation process (Scheme 1) 
defined by Eq. 13 is a constant value at given [Y] and temperature. In the latter expression (Eq. 
13), kdec is the rate constant of the initiator (Y) decomposition to generate initiating radicals (r• in 
Scheme 1) and γc is their probability to escape the solvent cage. The 2γckdec data are available for 
most of “standard” initiators (such as AIBN, for instance) in a number of organic solvents and in 
a temperature range 20 – 80 °C.11,24,139  

vi = 2γckdec[Y]            (13) 
According to Schemes 1 and 10, kinetics of the oxidation process in the presence of 

antioxidants obeys Eqs. 14-16, from which one obtains Eq. 17. For integration of eq 17  

d[ROO•]/dt = vi - 2k6[ROO•]2 - k7[InH][ROO•] - k8[ROO•][In•],     (14) 
d[In•]/dt = k7[InH][ROO•] - k8[ROO•][In•]      (15) 

d[InH]/dt = - k7[ROO•][InH]         (16) 
d[ROO•] - d[In•] - 2d[InH] = (vi - 2k6[ROO•]2)dt        (17) 

from t = 0 to t = ∞, essential are the limited expressions for the reagent concentrations, i.e., 
[ROO•]0, [ROO•]∞, [InH]0, [InH]∞, [In•]0, [In•]∞. The same intensity levels before injecting 
antioxidant (t = 0) and after its complete consumption (t = ∞) imply that [ROO•]0 = [ROO•]∞. 
Since under the stationary reaction conditions d[ROO•]/dt = 0, from Eq. 14 at  [InH] = [In•] = 0 
one obtains Eq. 18 for the initial and the final peroxy-radical concentrations. Clearly, the  
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[ROO•]0 = [ROO•]∝ = (vi/2k6)1/2         (18) 
other limited concentration are [In•]0 = [In•]∞ = 0 (no In• radicals before the InH addition and 
after its complete consumption), [InH]∞ = 0 (i.e., InH is completely consumed), while [InH]0 is 
the known initial concentration of the added InH. Then, it is convenient to operate with a relative 
chemiluminescence intensity (irel), which is the ratio of the intensity in the presence and in the 
absence of InH, as it is given by Eq. 19. Thus, through integration of Eq. 17 under  

irel = i/i0 = 2k6[ROO•]2/vi = [ROO•]2/[ROO•]0
2    (19) 

aforesaid conditions one obtains Eq. 20,19 the latter relates the antioxidant concentration  

2[InH]0 = vi∫
∞

0

(1 - irel)dt         (20) 

added to the reaction mixture (and consumed therein) and the area above the kinetic curve (given 
by the integral in the right part of Eq. 20), which refers to a quenched or "stolen" (by the 
antioxidant) light sum.  

Finally, from Eqs. 14-16 and 19, one obtains suitable relationships (Eqs. 21 and 22)19  
irel

-1/2 - irel
1/2  = 2k7[InH](vik6)-1/2        (21) 

ln(1 + irel
1/2) - ln(1 - irel

1/2) - irel
-1/2 = (k7/(2k6)1/2)vi

1/2 t  +  const   (22) 
between the chemiluminescence intensity and the antioxidant concentration and strength. The 
slope of the irel(t) curve at the inflection point (irel = 0.535) is given by Eq. 23.19  

(direl/dt)max = 1/Т = 0.237(k7/(2k6)1/2)vi
1/2      (23) 

Thus, with the help of Eqs. 20-23, single experiment, i.e., measuring the chemiluminescence 
kinetics in the presence of the antioxidant allows to acquire both the inhibitor concentration and 
its reactivity (k7), provided the rate constant k6 of the peroxy-radical self reaction is known (in 
fact, the k6 data for most of model hydrocarbons are available). Yet, the absolute concentration of 
the peroxy radicals at any point of the kinetic curve, [ROO•] = irel

1/2(vi/2k6)1/2, may be calculated 
if v and k6 are known.  

It should be noted that the kinetic analysis performed herein refers to a widespread situation, 
in which one antioxidant molecule scavenges two peroxy radicals (i.e., by both the InH and the 
In• species according to Scheme 10). However, this is not always the case. For more complex 
inhibition schemes, the key expression given by Eq. 20 should be modified through replacing the 
2[InH] value by the f[InH] quantity,19 in which effective coefficient f depends on a scavenging 
mechanism. Usually, 1 < f <2, but for some antioxidants, which contain a number of reactive 
groups, the f value may reach several units.19  
 Figure 4 provides an illustrative example of the inhibition effect exerted by a synthetic 
antioxidant, chromane C1 (α-tocopherol analog), on the oxy-chemiluminescence process, from 
which kinetic behavior of the chemiluminescence intensity and concentrations of the reaction 
components is evident.19 

 



Issue in Honor of Prof. Waldemar Adam                                                                 ARKIVOC 2007 (viii) 163-215 

ISSN 1424-6376                                                       Page 195                                                       ©ARKAT USA, Inc. 

0 200 400 600 800 1000
0.00

0.25

0.50

0.75

1.00
irel , r, [InH]rel, [In]rel 

t /s 

 

irel

τ0.5

[In]rel

[InH]rel
r 

O

Me

Me

Me

HO
Me

Me

Chromane C1

 
 

Figure 4. Kinetics of the relative chemiluminescence intensity (irel) and relative concentrations 
of peroxy radicals (r = [ROO•]/[ROO•]0), antioxidant ([InH]rel) and antioxidant radicals ([In•]rel) 
for the diphenylmethane oxidation (10.2 % vol. in benzene, vi = 2.15×10-9 Ms-1, 60 °C). 
Antioxidant chromane C1 ([InH]0 = 1.01×10-6 M) was introduced at the moment t = 0. Symbols ◊ 
refer to the experimental points, lines are the computer simulation results obtained for k6 = 
1.32×108 M-1s-1 and k7 = 7.6×106 M-1s-1.  
 

If the chemiluminescence recovery on the gradual antioxidant consumption is steep, the S-
shaped curve above the light-intensity curve may be approximated by a rectangle with a height 
∆irel and width τ0.5 (see Figure 5),19 the latter refers to the time required to achieve  

 



Issue in Honor of Prof. Waldemar Adam                                                                 ARKIVOC 2007 (viii) 163-215 

ISSN 1424-6376                                                       Page 196                                                       ©ARKAT USA, Inc. 

 

0 200 400 600 800 1000
0.00

0.25

0.50

0.75

1.00

irel

 3 
τ0.5

t/s

 A 

 B 

 2  1 

+InH

 

 

T

τ0.5

O

Me

Me

Me

HO

Me

Me

Chromane C1

 
 
Figure 5. Kinetics of the relative chemiluminescence intensity (irel) for the diphenylmethane 
oxidation (10.2 % vol. in benzene, vi =2.15×10-9 Ms-1, 60 °C) after injection of different amounts 
of InH (chromane C1): (1) [InH]0  = 1.01x10-6 M, (2) [InH]0 = 1.01x10-7 M and (3) [InH]0  = 
1.52x10-8 M.  
 
0.5 ∆irel, i.e., the time of the chemiluminescence “half-recovery”, which is called the induction 
period or effective induction period. This characteristic time, τ0.5, is a widely used parameter in 
antioxidant assays,6,11,19,157,158 which utilize approximate relation expressed by Eq. 24 instead of 
Eq. 20. The accuracy of such an approximation depends on the difference  

2[InH]0 ≈ vi τ0.5           (24) 
between the areas A and B (Figure 5, curve 2). The kinetic analysis19 shows that the 
overestimation of the [InH]0 value assessed with the use of Eq. 24 does not exceed 2% if τ0.5 ≥  
3T, where T is the inverse slope at the inflection point (see Eq. 23 and Figure 5). Alternatively, 
the procedure, which involves the area measurements according to Eq. 20, is applied at low 
concentrations of the antioxidant in analyte sample,6,11,19,157,158 which causes incomplete 
quenching the chemiluminescence intensity (see curves 2 and 3 in Figure 5). It should be 
emphasized that this simple “area method” is suitable for the cases, in which the 
chemiluminescence intensity completely recovers (in other words, attains its initial level) after a 
consumption of the antioxidant in the reaction mixture. This requisite is not always fulfilled in 
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the analytical practice for several reasons: Antioxidants and/or other components present in an 
analyte sample may interact with the chemiluminescence emitter (e.g., through energy transfer or 
chemical reactions with its excited state), they may cause light filtration, etc. Clearly, such cases 
require certain correction of the chemiluminescence intensity, taking into account additional 
quenching or light-filtering impositions, for the acquisition of the true inhibitory effects.  
 
4.3. Peculiarities of analyzing the natural antioxidants  
 
It is often the case for materials of biological origin (e.g., blood plasma, living tissues, plants and 
food products) that analyte samples contain antioxidants of essentially different strength.  
 To distinguish between these antioxidants, different hydrocarbons (RH) in the probe solution 
should be used. The matter is that different RH produce on oxidation peroxy radicals ROO• with 
essentially different kinetics of their self reactions (step “k6” in Scheme 1); the pertinent 
examples are given in Table 2.19 For instance, for diphenylmethane this reaction is fast (its rate 
constant amounts to 1.3×108 M-1s-1, see Table 2), while for cumene it is very slow (rate constant 
is as low as 4×104 M-1s-1!). It is clear that the case of fast self reactions of peroxy radicals (“k6” 
in Scheme 1) is suitable only for the analysis of strong antioxidants, since only for strong 
antioxidants the scavenging reaction (“k7” in Scheme 10) may compete with the 
chemiluminescent channel (step “k6”). For weak antioxidants, step “k7” is too slow to exert any 
significant influence on the oxidation process and to quench the chemiluminescence emission 
when reaction “k6” is fast. Consequently, to analyze weak antioxidants one should use 
hydrocarbon, for which reaction “k6” in Scheme 1 is slow, e.g., cumene (cf. Table 2), which 
meets this requirement. Thus, the analytical procedure involves two steps:  
(1) With the use of hydrocarbon, for which the k6 value is high (e.g, diphenylmethane), 
examination of the strong-antioxidant fraction is carried out.  
(2) Using hydrocarbon, for which k6 is low (cumene is the best choice), one determines the total 
antioxidant content of the analyte sample, from which the strong-antioxidant amount [determined 
in step (1)] is subtracted.  

Another problem, which is often met in studying the natural antioxidants, stems from the 
existence of more than one reactive group in the antioxidant molecule. Flavonoids furnish a 
prominent example of such natural compounds, whose effect on oxy-chemiluminescence 
emission is considered below.  

Table 2. Sample rate constants (k6) for the self reactions of peroxy radicalsa 

Hydrocarbon being oxidized k6, M-1s-1 
Cumene 4.0x104 

Cyclohexane 1.6x106 
Ethylbenzene 1.9x107 

Diphenylmethane 1.3x108 
a At 60 °C in benzene solutions 
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Flavonoids, natural polyphenols of plant origin, are known to be effective inhibitors of lipid 
peroxidation, which is commonly associated with their radical-scavenging ability.231-236 Besides, 
they reveal pronounced pharmacological and vitamin-like activities explained, at least partly, by 
their chain-breaking ability.237-239 
 It has been found that the “classic” model of the antioxidative effect on the oxy-
chemiluminescence process, whose principles are set out in Section 4.2, is not quite suitable for 
the case of flavonoids.222 The first reason for that seems to be the fact that the model described in 
Section 4.2 is valid for antioxidants with the only active OH group, while flavonoids possess 
more than one OH functionality.222 In this context, it is noteworthy that mainly catechol moiety 
(marked as B-ring in Scheme 11 for catechin molecule) of flavonoid accounts for the inhibitory 
effect.222 In line with this fact, it was assumed that in such a case the phenoxyl-type radical (In• 
in Scheme 10), formed through hydrogen abstraction from the antioxidant molecule (InH) by the 
ROO• radical (reaction “k7” in Scheme 10), reacts further with ROO•; this is exemplary 
illustrated in Scheme 11, a particular case of Scheme 10, for catechin as antioxidant.  
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The reactivities of the OH groups in the A-ring and in the heterocyclic ring are expected to be 
much lower than that of the B-ring.222 But as the parent flavonoid is consumed in the reaction 
with peroxy radicals and the products of type Q accumulate (see Scheme 11), the contribution of 
hydroxy groups of the A-ring to the overall chain-breaking process becomes essential at longer 
reaction times. This is particularly manifested in the kinetics of the chemiluminescence recovery 
(cf. Figure 3).222 Clearly, this affects the data of the antioxidant reactivity (i.e, the k7 values), 
which are normally obtained from the light-emission recovery kinetics, as it was discussed in 
Section 4.2.  
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 Besides, some side reactions may be important for the behavior of the chemiluminescence 
emission in the presence of flavonoids.222 It has been shown that among all possible side 
reactions a monomolecular transformation of the semiquinone radical (a product of hydrogen 
abstraction from the parent flavonoid by the ROO• radical; see reaction “k7” in Scheme 11) plays 
a decisive role.222 However, the explicit nature of this transformation (isomerization or 
dissociation) remains unclear by now. It was merely suggested that the corresponding radical 
PhO• (in terms of Scheme 10, PhO• =In•), whose own activity towards ROO• is low, undergoes 
conversion into more active radical R’• (or R’OO•; see Scheme 12), and such new radical species 
contribute to the propagation of the oxidation chain.222 Such an assumption enabled the 
computational simulation of the oxy-chemiluminescence kinetics, which successfully reproduced 
the experimental intensity time profiles and allowed acquisition of the true k7 values for the 
flavonoid antioxidants.222  

 
••• ⎯⎯ →⎯⎯→⎯ OOR' 

O
R'PhO 2  

Scheme 12 
 

Scheme 12 refers to a particular case of prooxidative effect exhibited by some natural 
antioxidants,223-230 as it has been already mentioned in Section 4.2. 

An essential problem, which merits to be mentioned in a context of the natural-antioxidant 
assay, refers to the analysis of antioxidants in lipid samples. The matter is that even strong 
antioxidants present in lipid analyte in high concentrations (e.g., tocopherol, which retards lipid 
peroxidation in cell membranes) never quench the chemiluminscence emission of the probe 
hydrocarbon down to zero. We suggest that the remaining intensity, which is not suppressed by 
peroxy-radical scavengers, derives mainly from the thermolysis of dioxetane species 
accumulated in a lipid sample.21,47 The plausible origin of these dioxetanes is the cyclization of 
alkylperoxy radicals generated in the lipid-peroxidation process, as discussed in Sections 3.1.2 
and 3.13. Studies on inhibitory effects exerted by antioxidants from lipid materials are currently 
in progress in our laboratory.  

And last but not least, the suitability of the approach presented herein for analyzing the 
natural antioxidants is substantiated by the possibility of examining analytes dissolved in 
aqueous media (most important for biology). Natural antioxidants, which constitute organic (e.g., 
phenolic) substances, are readily soluble in organic solvents and, thereby, quickly diffuse into the 
probe (chemiluminescent) organic solution from aqueous samples on intensive stirring in the 
reaction cell, which has been demonstrated experimentally.240 In this respect, the presented assay 
is well suited for determining amounts of antioxidants in natural samples. However, as for the 
biological significance of these radical scavengers, it should be borne in mind that results 
obtained in vitro cannot be directly extended to physiological conditions (in view of complex 
nature of balance between oxidant and antioxidant species in living organisms)211,241-245 and may 
serve merely as a relative measure for comparing the antiradical ability of diverse natural 
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compounds. For that reason, some authors even use the term “antiradical” instead of 
“antioxidant” activity to differentiate this action from the inhibitor effect in vivo.211  
 
4.4. Antioxidants in the ambient air 
 
Ambient-air pollution comprises of particles, which are either natural or anthropogenic in origin, 
and constitutes a complex mixture of organic and inorganic compounds. The role of pollution 
particles in oxidative processes in living organisms is subject to extensive studies.246-250 As 
reported, those particles mediate generation of reactive oxygen species, either directly through 
interaction with ambient oxygen or indirectly through initiation of an oxidative burst in 
phagocytes. As a consequence of exposure to the air pollution, the free radical formation in the 
lung tissues have been observed.250 

The unprecedented result of studies performed in our laboratory157-159 on the role of ambient 
air in oxidation processes resides in observation of very efficient volatile antioxidants in the air 
pollution. The probable source of volatile antioxidants, evolved into the environment, are aging 
polymeric materials.157-159 The presence of antioxidants in the ambient air was manifested by an 
abrupt drop of the chemiluminescence intensity on bubbling the air, passed over a polymer, 
through a probe chemiluminescent solution of oxidizing hydrocarbon (diphenylmethane), which 
is exemplary illustrated in Figure 6.157,158  
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Figure 6. Effect of volatile antioxidant on chemiluminescence generated in oxidation of Ph2CH2 
(10% in PhCl) initiated by AIBN at 60 °C (initiation rate was 1.8x10-11 Ms-1). The antioxidant-
containing air was introduced (“on”) into the solution and then bubbling was ceased (“off”).  
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Antioxidative species easily pass from the gaseous phase into the liquid organic solution, 
which is manifested by the drop of the oxy-chemiluminescence intensity on blowing.157,158 When 
blowing was switched off, the light intensity recovered after a "dark" induction period (Figure 6), 
which manifests a consumption of the antioxidant. This behavior is identical to what is normally 
observed when an antioxidant analyte is initially dissolved in a liquid phase (cf. Figures 4 and 5). 
Such an observation gave the grounds to apply the same kinetic approach (with minor 
alterations) as developed for the liquid-phase antioxidant samples,6,11,19 which made possible to 
acquire the data on reactivity of these peroxy-radical scavengers.157,158 The measured rate 
constant for their reaction with the ROO• radicals turned out to be more than 109 M-1s-1,157,158 
which is close to the diffusion-controlled rate constant. This means that they scavenge peroxy 
radicals nearly at every contact! Thus, their antioxidative effect is stronger than that of 
tocopherols and their synthetic analog (chromane C1) and even galvinoxyl, a persistent 
phenoxyl-type free radical, which is manifested qualitatively by the steepest intensity recovery 
curve for volatile radical acceptors present in the ambient air (Figure 7).157 

 

 
 

Figure 7. Kinetics of the chemiluminescence-intensity recovery upon gradual consumption of 
the antioxidants (galvinoxyl, chromane C1 and volatile antioxidant from the ambient air) in the 
probe oxy-chemiluminescent solution (oxidation of 10% of Ph2CH2 in PhCl at 60 °C initiated by 
AIBN with the rate of 1.0x10-11 Ms-1).  
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The longer the air is resident over a polymer sample and the higher its temperature, the 
greater the quenching of the chemiluminescence emission and the longer the induction period are 
observed. The induction period lengthens with increasing time t of air bubbling through the 
probe chemiluminescent solution and attains its limit at t of ca. ten seconds.157,158 Clearly, this 
limit corresponds to the steady-state concentration of the antioxidant in solution. For all the 
polymer samples studied, the rate of antioxidant production increased with increasing oxidation 
of a sample, elevated sample temperature and increasing specific surface area.157,158 Table 3 
illustrates qualitatively these features.158 Furthemore, the air taken from the rooms with plastic 
furniture, outdoors near the automobile roads, over rubber, resin, linoleum and other polymeric 
materials contained strong volatile antioxidants.157,158 These volatile species were readily trapped 
by silica gel and zeolite molecular sieves and slowly returned into the gaseous phase upon 
heating the absorbers up to ca. 200 °C.158 From these observations, it is evident that such volatile 
technogenic antioxidants are most likely the products of the polymer destruction.  
 
Table 3. Chemiluminescence-quenching effect exerted by volatile antioxidants as a function of 
the antioxidant sourcea 

Source of the Volatile Antioxidant 
 

Light Quenching 

Chemically pure unoxidazed teflon at 20 – 
70 °C after storing for 3 days in a contact 
with air at 140 °C 

No effect 

Chemically pure unoxidazed polystyrene, 
polypropylene, polyethylene and 
polymethylmetacrylate at 20 – 70 °C 

No effect 

The same samples after contacting with air 
for 3 days at 140 °C 

Strong effect 

Black rubber at room temperature Weak effect 
The same sample after the room-temperature 
oxidation initiated by AIBN or by treatment 
with ozone or high-frequency Tesla 
discharge 

Strong effect 

Hydrocarbon and silicon caoutchoucs No effect 
The same samples after technological 
processing yielding black and silicon rubber 

Strong effect 

Automobile protector rubber powdered with 
extruder 

Strong effect 

a For details on probe oxy-chemiluminescent solution see caption of Figure 6.  
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The fact that volatile antioxidants scavenge peroxy radicals at almost every contact suggests 
that these scavengers are of radical nature. Contrary to a high reactivity of the volatile 
antioxidative species towards ROO• radicals, their reactivity towards themselves is low.157,158 
This is not that unusual for free-radical species. Persistent free radicals exist, which may survive 
for many hours and even days; the carbon-centered radicals furnish prominent examples.251 Their 
low self reactivity may be determined by bulky substituents, which eclipse the radical center. 
Such radicals have been postulated to rationalize the rates of propagation and termination of 
chain reactions in polymers.252 Thus, the carbon-centered radicals seem to be prime candidates 
for the nature of the peroxy-radical scavengers evolved from polymer upon destruction. 
However, this hypothesis still needs to be substantiated experimentally.  

The concentration of the technogenic antioxidants in the atmospheric air may reach 10-8– 10-7 
M,157,158 which is high enough to cause a biological effect since living organisms are subject to a 
lifelong exposure to these highly reactive species. The biological role of such antioxidative 
pollution species, as well as the oxidative pollution particles, is harmful. As disclosed from 
experiments with rats, these antioxidants severely affect the excitability level of animals 
modifying their behavior.158,159 
 
4.5. Limit of the antioxidant detection 
 
The detection limit of the antioxidant assay refers to the lowest concentration ([A]min) of the 
antioxidant analyte (A) that can be determined in the probe solution. As it has been shown 
before,158 [A]min may be expressed by Eq. 25, in which ∆irel = ∆i = 1 - irel and kA is the rate  

[A]min = ∆irel(vik6)1/2/kA         (25) 
constant of scavenging the peroxy radicals by the antioxidant. For the most widespread case of 
phenolic antioxidants considered in Sections 4.2 and 4.3 kA refers to the k7 value.  

As evident from Eq. 25, the greater the kA and smaller the k6, the lower the limit of detection 
([A]min). The rate constant kA is a characteristic of the antioxidant, whereas k6 depends on 
hydrocarbon chosen for the probe chemiluminescent solution. The optimal (though quite typical) 
values are the following: k6 = 4.0x104 M-1s-1 for cumene as a "probe" hydrocarbon at 60 °C, kA = 
k7 = 4.5x106 M-1s-1 for chromane C1 (synthetic analog of α-tocopherol) and 109 M-1s-1 for the 
volatile antioxidants evolved from aging polymeric materials into the ambient air.157,158 Also, as 
it is seen from Eq. 25, the reaction initiation rate (v) should be as low as possible to enable 
detection of the lowest [A]min. In our experience, the observation of oxy-chemiluminescence is 
hardly practicable at v much below 10-12 Ms-1; thus, one should take vi ≈ 10-12 Ms-1 as the lowest 
possible value of the initiation rate.  

To estimate the limit of the antioxidant detection ([A]min) with the help of Eq. 25, one may 
assume that the quenched relative chemiluminescence intensity can be measured with the 10% 
accuracy, i.e., ∆i = 0.10 ± 0.01. On substitution of ∆i = 0.10 together with the k6, kA (k7) and vi 
values given in the above paragraph into Eq. 25, [A]min takes the values 4x10-12 M for chromane 
C1 (synthetic α-tocopherol derivative) and 2x10-14 M (!) for the volatile "technogenic" 
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antioxidants occurring in the ambient air. These values clearly demonstrate high sensitivity of the 
discussed oxy-chemiluminescence method.  
 
 
5. Concluding remarks 
 
The analysis presented herein disclose a rich diversity of mechanistic aspects giving an account 
of the excited-state generation and light emission in the peroxy-radical-mediated processes. The 
novel results, which refer to the elucidation of structural effects in the chemiexcitation process 
and oxy-chemiluminescence studies with polymeric, biological and antioxidant materials, qualify 
this interdisciplinary realm as evolving and growing field of knowledge. The incentive of our 
contribution is not only to entertain the readership, but to stimulate the chemical community to 
explore the oxy-chemiluminescence as an experimental tool to monitor oxidative and 
antioxidative processes in chemical and biological media.  
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